Recently, urban inundation disasters resulting from torrential rain have led to serious problems in many countries worldwide. To mitigate the damage of urban inundation, various structural strategies have been carried out, one of which is the creation of underground storage chambers attached to sewerage systems. In this strategy, part of the storm water within a sewer pipe is diverted over the side weir into the storage chamber. The function of this storage chamber is to manage the storm water runoff at a developed site to prevent flooding, and it is essential for providing a temporary storage area for excess storm water. In this study, the differences in the effects of the storage chamber using an urban inundation model due to several conditions such as the rainfall type, changes in the weir shape, installation locations that have different areal features, and changes in the storage capacity volume are verified. Lastly, a suitable installation site is verified via assessments of the inundation damage costs. The results show that the criteria for the degree of mitigation that can be expected in these conditions.
Introduction
In recent years, major flooding has occurred, which involves inland flooding caused by a lack of drainage capacity and drainage pump systems, as well as insufficient water retention due to the increasing runoff flow by urbanisation in towns. Drainage systems are relatively well established, but urban inundation still occurs. This means that the flow in sewers is much greater during a heavy storm and can reach maximum capacity. Metropolises and central city areas such as Tokyo and Osaka in Japan are no exception, and flood damage has also occurred in underground spaces associated with such areas. This is highly dangerous and can lead to catastrophe. The design criterion for sewerage is often the 10-year rainfall probability, which corresponds to approximately 50 mm/h throughout Japan, but the rainfall intensity has frequently exceeded this level recently.
In order to promptly remove storm water, drainage systems and pumping stations must be maintained to increase the efficiency of the sewerage treatment capacity. However, a very large cost and amount of time are required to conduct this maintenance. Therefore, underground storm-water storage chambers are ideally installed in order to temporarily capture and store runoff in a large space.
These systems provide peak runoff control, and the stored storm water can be drained back into the environment later, making these systems ideal for highly urbanised areas. Accordingly, these systems help maintain the predevelopment runoff conditions at newly developed sites. However, storm-water storage systems are not prevalent owing to budgetary reasons and the effects of uncertainty.
In this study, we consider a side weir to divert some portion of the storm water within a sewerage pipe into a storage chamber, and this diversion process is presented using an integrated urban inundation model considering the coefficient of overflow discharge equation for rectangular side weirs under pressurised flow conditions. Figure 1 shows a schematic of the portion diverted by the side weir within the sewer pipe. Finally, the reduction ratio of inland flooding due to installing such systems is verified.
Field application area and the urban inundation model
The Nakahama District in Osaka was the target area, which is located in the eastern part of Osaka City, north of Neyagawa. About 90% of the city area is prone to flooding by heavy rain and storm water has to be drained by pumps. In addition, most storm water cannot infiltrate into the ground due to the city's high pavement ratio. Therefore, flood control is one of the most important roles of the sewerage system, and many underground facilities already have been installed in this study area.
This sewerage treatment district is an area of 18.1 km 2 , and the overall topography is inclined from west to east. This area received inundation damage during a heavy rainfall in a short time on August 27, 2011. The maximum precipitation per hour was 77.5 mm for approximately 3 h, which was the largest value on record.
To carry out the actual field application studies of the effects of an underground storage chamber, twodimensional ground surface and one-dimensional (1D) sewer network models (Kawaike et al., 2002) were used to reproduce the inland flood and storm-water drainage process in an integrated flood analysis model developed by Lee et al. (2014) . The ground was divided by an unstructured mesh using GID software, which accounts for the influence of the buildings and roads. Mesh elevation data were generated by a 5 m × 5 m digital elevation model, as shown in Figure 2 . The elevations of meshes were adjusted to induce flows from building groups to roads artificially (Lee et al., 2015) .
They obtained the sewerage system data of 3026 sewer pipes, 2903 manholes, and four pumping stations in total. Figure 3 shows the pumping stations and sewer network. Red circles and blue lines indicate pumping stations and sewer pipes, respectively.
The storm water in the sewer pipe was calculated on the basis of the 1D slot model (Chaudhry, 1979) . The overflow discharge over the side weir was calculated by De Marchi's equation (De Marchi, 1934) , in which the value of C d was calculated using an equation correlating the weir height and length (Ko et al., 2015) . De Marchi's equation is as follows:
where q out is the discharge per unit length of the side weir, Q out is the overflow discharge, L is the distance along the side weir measured from the upstream end of the side weir, g is the acceleration of gravity, p is the height of the side weir, h is the flow depth at the section L, and C d is the discharge coefficient of the side weir.
Assessment of the effects of the underground storage chamber
If a virtual underground storage chamber is installed in the Nakahama area, then the reduction in the amount of inundation damage must be considered using the integrated model mentioned previously. Three installation sites are considered with different areal features: A is the lowland, B is the middle, and C is the upstream portion in the Nakahama area, as shown in Figure 4 six of the installation positions in areas A, B, and C in detail. In addition, the capacity of the storage chamber is 50 000 m 3 , which is the largest capacity of a storage chamber installed in the Neyagawa basin. Moreover, it is assumed that the storage chamber will no longer operate if this capacity becomes full. The calculation time is 10 h from the start of rainfall. An inundated area is used to evaluate the mitigation effect. However, a comparison between an inundated area and the whole target area is not suitable since the effects of the storage chamber influence the installed area topically. Therefore, it is assumed that an inundated area within a radius of 500 m is compared.
Rainfall types and weir conditions
Rainfall types with the same intensities affect the storage chamber differently. Therefore, we provide three hyetographs as a virtual rainfall model, in which the 50-year rainfall probability is used. The duration time is 3 h, which is equal to the actual period of rainfall recorded in the Nakahama area in 2011. The rainfall was calculated using the AMEDAS rainfall probability calculation programme of the Public Works Research Institute, in which 3 h of total rainfall at the 50-year probability was calculated to be 168 mm, which was distinguished as the fore, centre, and rear intensity rainfall, as shown in Figure 5 .
The overflow discharge at the side weir differs depending on the weir shape. If the weir height is lower or the weir length is longer, the overflow starts earlier. Thus, it is expected that the reduction in the effects of flooding and the peak sewer capacity differ according to the weir shape.
In this study, four weir heights and two weir lengths (for a total of eight cases) were investigated, as summarised in Table 1 . Each weir length and height is reduced by 50% and 20%, respectively, from the original length and height.
Overall, the rear intensity rainfall caused a large inundation area with a depth of more than 10 cm. For the fore intensity rainfall, relatively smooth drainage occurred. Since the drainage at the time of peak rainfall was fast at the beginning, the drainage effect was better than that of the other rainfall intensity types. The effects of inundation mitigation due to different weir heights and lengths were that the peak inundation area decreased as the weir height decreased or the length increased because the overtopping time decreased as the weir height decreased and the quantity of overflow discharge increased. Further, the inundation area was decreased by adjusting the weir size, but the variation in the effects of inundation mitigation was not so great, as shown in Figure 6 (a)-(d). On the other hand, in the cases for area C, the effect was the opposite, as shown in Figure 6 (e) and (f ).
The effects of mitigation in the inundation area due to the installation of a storage chamber were the best in area C. This means that the quantity of overflow discharge was large owing to the active capacity of the sewer network. Figure 6 (a)-(f ) shows the relationships between the reduction effect for changes in the weir height and length for inundation areas with a depth of more than 10 cm.
Effect of the storage chamber depending on the installation position
When installing the storage chamber, different effects are expected according to the installation position such as at the upstream and downstream portions of the sewer pipe. Each storage chamber was installed on the upstream and downstream portions within one sewer pipe, and six storage chambers were installed in each of areas A, B, and C. Pipes with diameters of 0.7-1.35 m were chosen after considering the drainage capacity of the sewer pipe, depending on the pipe diameter and shape of the actual storage chamber in Moriguchi City, the Neyagawa basin. The weir height and length were also determined depending on the weir size of the prototype. Moreover, the rear intensity rainfall was adopted because the largest inundation area was caused under that rainfall condition, as summarised in Table 2 . Figure 7 (a)-(c) shows the mitigation effects of the storage chamber depending on the various installation positions. In the cases for area A, the best mitigation effect was realised Figure 6 Relationships between (a) the reduction effect and the changes in the weir height for area A; (b) the reduction effect and the changes in the weir length for area A; (c) the reduction effect and the changes in the weir height for area B; (d) the reduction effect and the changes in the weir length for area B; (e) the reduction effect and the changes in the weir height for area C; (f ) the reduction effect and the changes in the weir length for area C.
when the storage chamber was located at position b, which is the downstream section of the pipe. Although the diameter of the pipe is smaller than the others, it exhibited the best mitigation effect. In other words, the mitigation effect of inundation increases as the overflow discharge into the storage chamber increases. Since the overflow discharge is influenced by the drainage capacity of the pipe, the diameter of the pipe is not related to the mitigation effect. In the cases for area B, the best mitigation effect was realised when the storage chamber was located at position d, which is the downstream section of pipe. As discussed for area A, the best mitigation effect was achieved although the diameter of the pipe is smaller than the others. However, the overall mitigation effect was less than that for areas A and C. In the cases for area C, the mitigation effect at position b, located at the downstream section of the pipe was larger than the others. The mitigation effect at any of the positions was great. It seemed that the drainage capacity of the pipe network in area C (upstream portion in Nakahama) was greater than in the other areas.
Overall, when the storage chamber was located at the downstream portion of the sewer pipe, the mitigation effect was better than at the upstream position.
Effect of the storage capacity of the storage chamber
Naturally, larger capacities will further mitigate the effect of inundation, although there is a limit to the storage capacity. The smallest capacity possible is desirable when considering the construction cost and time. Moreover, the mitigation effect may not increase above a certain capacity when using a larger storage capacity. Therefore, a study of the mitigation effects due to changes in the storage capacity would need to indicate suitable results. Four storage capacities were investigated for areas A, B, and C, as summarised in Table 3 . Each storage capacity was determined on the basis of the previously analysed results, and rear intensity rainfall was adopted. Figure 8 (a)-(c) shows the variations in the inundation areas with calculation time for inundation areas with a depth of more than 10 cm. In the cases for area A, the storage capacity of case 1 could have an influence by reducing the inundation area at the peak inundation time, but it quickly fills. Case 2 and case 3 also filled within 3 hours after the peak inundation time. Case 4 was not filled, and it exhibited sufficient mitigation effects until the end of the calculation period. However, if the storage capacity was exceeded the storage capacity of case 1, the mitigation effect was insufficient at the peak inundation time. The difference was the drainage process from the peak inundation time. Therefore, when intending to reduce the peak inundation area, case 1 was financially suitable, and all of the capacities were effective in reducing the inundation areas corresponding to an inundation area with a depth of more than 10 cm. In the cases for area B, the maximum inundation area was not much different from that for no installation. Although the mitigation effect increased as the capacity increased, the variation from case 1 to case 4 small, and storage chamber cannot be expected to be highly effective in case 4. In the cases for area C, if the storage capacity exceeded the storage capacity of case 1, the mitigation effect was insufficient at the peak inundation time. However, as the storage capacity increased, a large difference in the drainage process from the peak inundation time was observed compared to areas A and B. Therefore, case 1 was suitable for reducing only the peak inundation areas. However, since the mitigation is thought to differ depending on the installation position for the storage capacity and its effects, it is necessary to be compared in a variety of combined cases.
Assessment of the inundation damage costs
Assessments of inundation damage have obtained greater importance, as flood risk management is becoming the dominant approach for flood control policies. Moreover, flood control systems such as an underground storage chamber should preferably be installed in areas that receive significant damage depending on quantitative analyses such as assessments of the inundation damage costs. Therefore, suitable installation sites in areas A, B, and C in Nakahama would need to be found through assessments of the inundation damage costs. Inundation damage costs are estimated by considering the calculated inundation depth using a numerical model, the amount of damage per unit area in the corresponding area, and the damage rate of house assets depending on the inundation depth. Table 4 lists the amount of damage per unit area in the corresponding administrative districts (Ministry of Land, Infrastructure, and Transport's Water Management and Land Conservation Stations Run by the River Planning Division, 2014), and Table 5 lists the damage rates of house assets when considering the ground gradient (Ministry of Land, Infrastructure and Transport River Bureau, 2005) . Figure 9 shows the inundation area distributions for areas A, B, and C. For area A, approximately 90% of the inundation areas corresponded to a depth of more than 1 cm but less than 50 cm compared to 88% and 97% for areas B and C, respectively. In contrast, 10%, 12%, and 3% of the inundation areas corresponded to a depth of more 50 cm but less than 2 m depth for areas A, B, and C, respectively. Serious damage due to a high inundation depth occurred many times in area B, and area C had a relatively small inundation distribution.
In this study, 158.3 (1000 yen/m 2 ) was used as the amount of damage per unit area. The damage rates of house assets were divided into three inundation-depth sections. Values of 0.032, 0.119, and 0.266 were adopted for inundation areas with a depth of more than 1 cm but less than 50 cm, with a depth of more than 50 cm but less than 1 m, and with a depth of more than 1 m but less than 2 m. Figure 10 (a)-(c) shows the reduction in the damage costs after installing a storage chamber at each position in areas A, B, and C as well as the rate of damage cost compared to the case without a storage chamber.
In the case of area A, the costs due to inundation damage were assessed at 2 27 85 000 yen without the storage chamber. When the storage chamber was installed at position b, the damage costs were reduced by approximately 25 58 000 yen. In the case of area B, the costs due to inundation damage were assessed at 2 46 30 000 yen without the storage chamber. The most significant damage occurred in this case. When the storage chamber was installed at position d, the damage cost was only reduced by approximately 91 06 000 yen, and the storage chamber did not greatly influence inundation damage. In the case of area C, the costs of the inundation damage were assessed at 2 06 73 000 yen without the storage chamber. Relatively little inundation damage occurred compared with that for areas A and B. When the storage chamber was installed at position b, the damage costs were reduced by approximately 25 73 000 yen.
Consequently, the storage chamber reduced the inundation damage but did not have a significant effect. Since area B was estimated to receive the highest inundation damage compared with the other areas, area B is the most suitable installation location if a storage chamber is installed. However, since the effect of the storage chamber is smaller than that in the other areas, the installation position and the effects of the storage chamber should be carefully considered to obtain greater financial effects. time are required to carry out this maintenance. Therefore, the authors have considered the side weir attached to the sewer as one of methods for storage system, and the present study has undertaken to maximise flood mitigation by installing an underground storage chamber using an integrated urban inundation model, in which the discharge coefficient equation that handles unstable surface change in sewers determined from the previous experimental tests is used.
To validate the function of this underground storage chamber, various conditions such as the side-weir conditions, changes in the installation location, capacity changes, and damage cost have been investigated.
Consequently, following several conclusions in these conditions can be obtained.
1. Overall, the rear and centre intensity rainfall conditions have an effect on the urban inundation. The impact of the fore intensity rainfall condition is less than that of the other rainfall distributions. 2. The inundation mitigation effects due to different weir conditions are that the peak inundation area decrease by adjusting the weir size because the overtopping time decrease owing to changes in the weir conditions, but the variation in the inundation mitigation effect is not so great. 3. The mitigation effect differed depending on the installation position of the storage chamber. When the storage chamber is located at the downstream portion of the sewer pipe, the mitigation effect is better than that at the upstream position. 4. The smallest capacity possible is desirable when considering the construction cost and time normally. A large storage capacity exhibit sufficient mitigation effects until the end of the calculation period. However, its effect is not sufficient for reducing the inundation area at the peak time. 5. The storage chamber can reduce the inundation damage but do not have a significant effect. In other words, it does not exhibit mitigation effects clearly and cover a wide range. If a storage chamber could be installed in an area in which frequent flooding occurs, the installation position and the effects of the storage chamber should be carefully considered to obtain greater financial effects.
In this study, future studies are essential to enhance the knowledge about performance of the model. The damage costs due to inundation are obtained and compared with and without a storage chamber, but these damage cost only consider the inundation in the roads because the twodimensional model cannot calculate the inundation under houses. Therefore, modification of the code will be carried out so that the damage cost can be calculated assuming house inundation. Moreover, a benefit cost analysis (B/C ratio) of the proposed storage chamber will be performed Figure 9 Inundation area distributions. to obtain the optimum capacity and location in a future study.
